Approximately 50% of cystic fibrosis (CF) patients are heterozygous with a rare mutation on at least one allele. Several mutants exhibit functional defects, correctable by gating potentiators. Long-term exposure (24 h) to the only available potentiator drug, VX-770, leads to the biochemical and functional downregulation of F508del-CFTR both in immortalized and primary human airway cells, and possibly other CF mutants, attenuating its beneficial effect. Based on these considerations, we wanted to determine the effect of chronic VX-770 exposure on the functional and biochemical expression of rare CF processing/gating mutants in human airway epithelia. Expression of CFTR2 mutants was monitored in the human bronchial epithelial cell line (CFBE41o-) and in patient-derived conditionally reprogrammed bronchial and nasal epithelia by short-circuit current measurements, cell surface ELISA and immunoblotting in the absence or presence of CFTR modulators. The VX-770 half-maximal effective (EC 50 ) concentration for G551D-CFTR activation was 0.63 lM in human nasal epithelia, implying that comparable concentration is required in the lung to attain clinical benefit. Five of the twelve rare CFTR2 mutants were susceptible to 20-70% downregulation by chronic VX-770 exposure with an IC 50 of 1-20 nM and to destabilization by other investigational potentiators, thereby diminishing the primary functional gain of CFTR modulators. Thus, chronic exposure to VX-770 and preclinical potentiators can destabilize CFTR2 mutants in human airway epithelial models in a mutation and compound specific manner. This highlights the importance of selecting potentiator drugs with minimal destabilizing effects on CF mutants, advocating a precision medicine approach.
Introduction
Cystic fibrosis (CF) is the most common lethal genetic disease in the Caucasian population with an incidence of 1: 2500 (1,2). More than 2000 mutations have been identified in the CF transmembrane conductance regulator (CFTR) (3) (4) (5) , a protein kinase A (PKA) activated chloride and bicarbonate selective anion channel. CFTR is expressed at the apical plasma membrane (PM) of secretory and resorptive epithelia of various organs, including the lung, intestine, pancreas and sweat gland (6, 7) . CF-causing mutations may interfere with CFTR transcription, splicing, translation, folding, trafficking, stability and channel function or a combination of these phenomena, manifesting in impaired transepithelial anion conduction and secondary water transport (8) (9) (10) (11) .
The most common CF-causing mutation, the deletion of phenylalanine residue 508 (F508del), is present in at least one allele of 90% of all CF patients (3), while 50% of patients have one or two CFTR alleles containing a rare mutation (hereafter referred to as CFTR2 mutation). The third most common mutation is G551D, with an incidence of 4% (2, 12, 13) . G551D, an archetypal gating mutation, imposes a severe functional defect without influencing the channel processing or PM expression (14) .
A recently approved drug, VX-770 or ivacaftor (marketed as Kalydeco), developed by Vertex Pharmaceuticals (Boston, Massachusetts, USA), profoundly ameliorates the clinical phenotype by augmenting the function of G551D-CFTR in patients carrying this mutation on at least one allele (12, (15) (16) (17) . Correction of the G551D-CFTR gating defect by 30%, as determined in cell culture models, (18, 19) is sufficient to increase the predicted % forced expiratory volume in 1 s (FEV1%) by >10%, to reduce the exacerbation rate of lung infection and sputum P. aeruginosa density, and to slow down the long-term decay of lung function (15, 17) , the primary source of morbidity and mortality. VX-770 has been subsequently approved for a total of thirty two additional CFTR2 mutants displaying gating defects (19, 20) .
Based on observation made in CF bronchial epithelia (CFBE14o-designated as CFBE) and BHK cells heterologously overexpressing F508del-CFTR, we assume that the modest clinical efficacy of Orkambi (VX-770 combination with the folding corrector VX-809, also known as lumacaftor) in F508del patients can be explained by the limited improvement in F508del-CFTR folding by VX-809 (21, 22) . The modestly augmented folding, however, is reduced by chronic exposure of the CFBE to VX-770. Destabilization of F508del-CFTR both at the ER and at the cell surface was documented in CFBE (22, 23) , leading to reduced functional expression of F508del-CFTR as compared with the acute effect of VX-770 in both immortalized and patient-derived primary human bronchial epithelia (HBE) (22, 23) . Neither the WT nor the G551D-CFTR was sensitive to VX-770-mediated destabilization (22) .
Though the biochemical destabilizing effect of VX-770 on the F508del and other mutants remains to be proven in patients, correlative evidence suggests that the in vitro model has predictive value for functional responsiveness of airway epithelia in vivo (24) . The Orkambi rescued short circuit current (Isc) mediated by phosphorylated F508del-CFTR in monolayers of primary human nasal epithelia (HNE) is proportional with the improvement of the lung function (FEV1%) of individual patients (24) . In analogy, attenuation of the F508del-CFTR activity by chronic over acute exposure to VX-770 would be consistent with proportionally reduced lung function improvement in patients with F508del-CFTR similar to other mutants susceptible to VX-770 downregulation.
Although some testing has been performed in Fischer Rat Thyroid (FRT) cells (19, 25) , the efficacy of VX-770 for most CFTR2 mutations in respiratory epithelia remains unknown. Considering that a significant fraction of the >2000 CFTR2 mutants have gating defects (13), we anticipate that robust functional correction will require administration of gating potentiators for several CFTR2 mutants. Using newly established conditionally reprogrammed human nasal epithelia as well as CFBE cell lines, we examined whether the observed biochemical and functional effect of VX-770 chronic exposure on F508del-CFTR represents an exception or is a general phenomenon that prevails in CFTR2 mutants.
Results

Conditionally reprogrammed human nasal epithelia (HNE) as a preclinical model for CF research
Conditional reprogramming (CR) has gained wide application to enhance the amplification and life span of primary epithelial cells, while largely preserving their characteristics (26, 27) (Supplementary Material, Fig. S1A ). In CF, this method was used to amplify human bronchial epithelia (HBE) (28) and alveolar type II cells (29) , derived from lung samples collected during transplantations. However, the availability of lung tissues, especially those carrying rare mutations, is low, hampering CF and other lung disease research. To overcome this limitation, we collected HNE by nasal scraping (30) and used CR to amplify these cells. Upon differentiation, CR-HNE, similar to CR-HBE, formed pseudostratified epithelia expressing tight junction associated zonula occludens-1 (ZO-1), embedded with mucin (Muc5AC) producing goblet cells and acetylated tubulin (Ac. tub) expressing ciliated cells (Fig. 1A and B) , with an overall transepithelial resistance of 500 X*cm 2 .
To assess the electrophysiological characteristics of CR-HNE, cells from five individuals with CFTR WT/WT genotype were collected and upon differentiation on filter supports, their CFTR function was determined by short-circuit current (I sc ) measurement and compared with that of CR-HBE. While the PKA activator forskolin-stimulated CFTR I sc was 40% lower in CR-HNE than in CR-HBE ( Fig. 1C-E) , likely due to reduced CFTR expression in nasal epithelia, the cAMP sensitivity and fractional potentiator-independent current were similar between CR-HNE and CR-HBE (Fig. 1C, D Fig. 1G and H) . Notable, the current values reported here are similar to those reported for VX-809 correction in primary HBE (22, 31) . Figure S1G and I, which were based on steady-state currents, we believe that our overestimation to be only slight. Taken together, these results warrant the examination of the chronic effect of VX-770 in the concentration range of 1 nM to 1 lM and the use of the CFBE cells as a model to determine the biochemical and functional stability of CFTR2 mutants upon prolonged potentiator exposure.
Potency of VX-770 in CR-HNE
Biochemical characterization of selected CFTR2 mutants
We selected twelve mutants which exhibited variable extent of processing and gating defects in the FRT heterologous expression system (10, 25) . These mutations are distributed over the four major CFTR domains, the membrane spanning domains 1 and 2 (MSD1-2), and the nucleotide binding domains 1 and 2 (NBD1-2) ( Fig Table S1 ) (38) . CFBE cells were transduced with lentiviral particles, encoding the 3HA-tagged CFTR2 mutants.
Cellular expression of CFTR2 mutants, determined by immunoblotting, showed that the mature, complex-glycosylated (band C) form exhibited mutation-dependent variable biogenesis in CFBE cells (Fig. 2B, Supplementary Material, S3A and B). Despite substantial mRNA expression (Supplementary Material, Fig.  S3C ), E92K, R347P, S492F, V520F, R560T, D614G, L1077P, M1101K of the CFTR2 mutants yielded low or negligible levels of band C, whereas others displayed moderate (S1235R, N1303K) or WT-like protein expression (S341P, R347H) (Fig. 2B , Supplementary Material, S3A and B) (22) .
Similar results were obtained when the PM expression of CFTR2 mutants was determined by cell surface ELISA (39) (Fig.  2C, Supplementary Material, S3D ). The PM densities determined in CFBE cells correlated with the published complexglycosylated protein expression in FRT cells (25) , indicating that, unlike corrector efficacy (40) , the biogenesis of CFTR2 mutants was largely independent of the expression system (Fig. 2D ). This inference was further supported by the correlation of CFTR2 mutant PM expression between CFBE and BHK cells and between FRT protein expression (25) and BHK PM density (Supplementary Material, Fig. S3E ).
Importantly, VX-809 increased both band C abundance and PM expression of E92K, S341P, S492F, D614G, L1077P, M1101K and S1235R mutants by >2-fold (Fig. 2B and C) . In contrast, baseline and VX-809 rescued expression of V520F-and R560T-CFTR were marginal and these mutants were removed from further investigation.
Assessment of the gating defect severity of CFTR2 mutants
Measurement of the CFTR2 channel activity by I sc showed that all mutants except V520F, R560T and M1101K, were able to confer anion transport upon phosphorylation that was further increased by acute addition of the potentiator genistein (Fig. 3A and B,  Supplementary Material, S3F ). Depending on the mutation, VX-809 increased the CFTR mediated I sc by 0.5-6 fold (Fig. 3B) .
To quantify the severity of the gating defect of the mutants, we calculated the fold increase of I sc in the presence of forskolin plus genistein relative to that in the presence of forskolin alone (Fig. 3C) . The WT-CFTR has low sensitivity to genistein, as indicated by the 0.1 fold increase of I sc in the presence of genistein, confirming previous observations (41) . In contrast, most mutants, with the exception of S341P and M1101K, were stimulated by >0.1 fold by genistein, indicating a gating defect. The activation induced by genistein was generally similar upon VX-809 treatment, suggesting that the gating defect is not attenuated by processing correction (Fig. 3C) .
Acute potentiation of the phosphorylated channel by VX-770 was similar to that of genistein ( Fig. 3D and E) . The E92K, D614G, S1235R mutants, however, exhibited greater, while others (e.g. L1077P) displayed attenuated fractional potentiation with VX-770, as compared with genistein. These observations suggest that CFTR2 mutants differ in their susceptibility to structurally distinct gating potentiators, with important therapeutic implications.
VX-770 reduces the biochemical and functional expression of some CFTR2 mutants
To assess the effect of long-term VX-770 exposure on channel expression, CFBE expressing CFTR2 mutants were incubated with increasing concentration (1-1000 nM) of VX-770 for 24 h, in the presence or absence of VX-809. Immunoblot analysis showed reduced expression of the complex-glycosylated CFTR2 form of D614G, L1077P, and S1235R at 10 nM VX-770 while others (e.g. N1303K) were not affected (Fig. 4A, Supplementary Material, S4A ). Cell surface ELISA confirmed these results, documenting reduced PM expression of E92K-, S341P-, D614G-, L1077P-and S1235R-CFTR by chronic VX-770 exposure in a concentration dependent manner, resulting in a mutation-specific 20-75% downregulation (Fig. 4B  and C) . Importantly, VX-809 was unable to considerably rescue VX-770-induced CFTR2 downregulation (Fig. 4C and D) , matching observations on F508del-CFTR (22, 23) .
The consequence of chronic VX-770 on the function of the CFTR2 mutants was evaluated next. Current measurements showed a mutation-specific susceptibility to chronic VX-770-induced downregulation, resulting in 0-50% reduction in relative I sc (Fig. 5A-F) . The current reduction of the L1077P-CFTR activity was partially reversed in the presence of VX-809 (Fig.  5F ). Similar to the biochemical results ( Fig. 4C and D) , the most susceptible and resistant mutants to VX-770 were L1077P and N1303K, respectively. Surprisingly, the VX-809 corrected E92K-CFTR was less affected by VX-770-mediated downregulation at the functional level, and non-affected in the absence of correction ( Fig. 5A and F) . The short circuit current profiles differ between the VX-770 treated and DMSO treated controls, due to the pre-existence of the potentiator in the Ussing chamber at the time of activation (Fig. 5A-E and G) . We reported previously the susceptibility of the P67L mutant to chronic VX-770 exposure in CFBE resulting in a 32% and 43% downregulation of the channel function and PM density, respectively (22 
Potentiators have CFTR2 mutation-specific destabilizing effects
The destabilizing effect on F508del-CFTR is not restricted to VX-770, but is a common phenomenon of many investigational potentiators (22) . To test whether VX-770 susceptible CFTR2 mutants would also be sensitive to destabilization by other potentiators, we measured their PM density upon chronic exposure to seven potentiators from the CFFT Inc. panel (22) . The PM densities of E92K and L1077P were attenuated by all tested potentiators, albeit to different extents (Fig. 6A) . In contrast, S1235R was resistant to downregulation by P1 and P8, indicating mutation specific potentiator susceptibility (Fig. 6A) . Next, potentiators that do not downregulate F508del-CFTR expression upon chronic exposure, including P5 and P10 (22) , P12, a more potent P5 analog (42) , as well as A04 and H02, two recently identified potentiators of novel chemical classes (42) , were tested for their effect on CFTR2 mutants. Some of these potentiators downregulated the PM expression of particular mutants (Fig. 6B) ; L1077P-CFTR was not affected by chronic P5, P10 and P12 treatment but showed decreased PM density upon long-term treatment with A04, a potentiator which preserved the expression of all other tested mutants (Fig. 6B) . Immunoblot analysis confirmed the cell surface ELISA data for the P12, A04 and H02 potentiators, demonstrating the mutation-specific downregulation of the respective complex-glycosylated CFTR2 mutants ( Fig. 6C and F) .
Comparison of the PM densities after chronic treatment with downregulating and non-downregulating potentiators between mutants showed no significant correlation (Supplementary All experiments are n ¼ 3; error bars are SEM; ns: not significant, *P < 0.05, **P < 0.01, ***P < 0.001.
Material , Tables S2 and S3) , suggesting the necessity to empirically select the best potentiator for each CFTR2 mutant.
Empirical selection of CFTR2 mutation-specific potentiators
To demonstrate the functional advantage of selecting mutation specific potentiators lacking destabilizing effects, we performed current measurements in CFBE expressing the three CFTR2 mutants E92K, L1077P and S1235R. Consistent with the biochemical data, the least destabilizing potentiators for E92K, L1077P and S1235R mutations were A04 (Fig. 7A) , P12 (Fig. 7B) , and P12 or A04 (Fig. 7C) , respectively. These potentiators elicited a current comparable to that recorded by acute VX-770 exposure, indicating that they do not downregulate their respective CFTR2 mutant and are able to potentiate the I sc to a level equivalent to VX-770. On the basis of these observations, we suggest a precision medicine approach to screen gating mutants against a panel of structurally distinct potentiators when they become available in order to select the most efficacious activators which do not exhibit adverse effects.
Discussion
Despite a considerable amount of effort from both academia and industry, VX-770 remains the only gating potentiator drug which has been FDA approved for clinical therapy of thirty three rare CF-causing mutations (20, 43, 44) . In an attempt to better estimate the drug concentration, which likely prevails in the lungs of CF patients undergoing VX-770 therapy, we determined the dose response of G551D-CFTR to VX-770 in primary HNE, expressing the channel endogenously. To overcome the limitation of sample availability, we used primary HNE instead of HBE cells and introduced conditional reprogramming to expand HNE cell population, while preserving their morphological and electrophysiological characteristics. We found that the EC 50 of VX-770 in HNE cells (0.63 60.07 lM) was comparable to that found previously in HBE (0.23 60.20 lM) (45), a relevant observation when trying to extrapolate from in vitro studies to the VX-770 pharmacodynamics in the CF lung. The EC 50 values of VX-770 are nearly two orders of magnitude higher than the recently proposed free plasma concentration (1.5-8.5 nM) of VX-770 (34) and exceed by 20-40 fold the IC 50 of VX-770-mediated F508del-CFTR destabilization (22) . Meanwhile, the EC 50 of VX-770 is below the minimal plasma concentration in adults (1.97 61.19 lM or 774 6468 ng/ml) and in epithelial lining fluid (16 lM) , reported by the European Medicines Agency (33) . Cholon and coworkers also showed that the VX-770 concentration is 3-fold higher in HBE cells as compared with its extracellular level (23) . Collectively, these represent compelling evidences that the free plasma concentration of VX-770 is a minor determinant of the respective tissue concentration, with the examples of lungs, adrenal glands and lymphoid nodes showing profound accumulation (33) . Clinical studies have shown 10% improvement in the predicted FEV1% in heterozygous G551D-CFTR patients undergoing VX-770 treatment (15, 17) . This implies that the VX-770 concentration in the G551D-CFTR heterozygous lung must reach, and likely surpasses, the EC 50 (0.2-0.6 mM). Taken together, these data support the notion that CFTR channels at the apical surface of airway epithelia are exposed to at least hundreds of nanomolar concentration of VX-770.
Recent in vitro studies of VX-770 effect on F508del-CFTR expressing cell lines and patient-derived primary cells have shown that extended exposure to VX-770 leads to biochemical and functional destabilization of F508del-CFTR, causing decreased biogenesis and cell surface half-life with accelerated lysosomal delivery of the mutant (22, 23) . Thus the primary effect of improved channel gating by VX-770 is partly offset by the decreased folding and stability of F508del-CFTR, causing submaximal improvement in the PM ion conduction in in vitro models (46) . While we do not have direct evidence that a similar phenomenon prevails in CF patients, the following consideration suggests that chronic VX-770 exposure may attenuate the PM expression of F508del-CFTR and, by analogy, CFTR2 mutants as well in vivo. The 2-4% increase in the predicted FEV1% seen in the Orkambi (VX-809 and VX-770) clinical trials (47) (48) (49) represents an unexpectedly modest clinical improvement, as compared with the documented 25% WT activity of Orkambi treated F508del HBE and HNE but with acute VX-770 stimulation (31) . In contrast, comparable activation of G551D-by VX-770 alone (15-30% of WT), causes markedly improved clinical phenotype of patients with >10% increased FEV1%. Since F508del CFTR functional rescue by Orkambi in primary HBE and HNE correlates with the responsiveness of the lung function (24) , Orkambi treatment should coincide with a substantial clinical improvement as observed in G551D patients (17, 45) as consequence of restoring the mutant activity to 25% of the WT (31) . One possible explanation of this discrepancy is that the preclinical studies (31) did not take into account F508del-CFTR downregulation by chronic VX-770 exposure, while the G551D mutant is resistant to VX-770 mediated downregulation (22, 23) .
These observations prompted us to measure the long-term effect of VX-770 both in presence and absence of VX-809 on a variety of CFTR2 mutants and seek for a possible pattern in the downregulation propensity of susceptible mutations (e.g. domain-specific clustering). We identified that 5 of the 12 tested CFTR2 gating mutants were susceptible to chronic VX-770-induced downregulation, in addition to two previously identified mutants (P67L-and R170G-CFTR, Supplementary Material, Fig. S4B and C) (22) . The mutations, P67L, E92K, R170G, S341P, D614G, L1077P, and S1235R, which render CFTR sensitive to VX-770-mediated destabilization are located in all four major domains of CFTR. VX-770 sensitivity did not correlate with the PM expression, function, fractional potentiator sensitivity or VX-809 correctability of mutants (data not shown), thus at least for this set of parameters the results do not allow any prediction as to VX-770 mutation susceptibility. Importantly, some of the gating potentiators that were described not to interfere with F508del-CFTR functional expression in human airway epithelia (42), downregulated some CFTR2 mutants in a mutation-specific manner. In contrast, other CFTR2 mutants, similarly to G551D, were resistant to destabilization by gating potentiators (22) . There was no significant correlation between the extent of downregulation and potentiator effect on various mutants, reinforcing the unpredictable nature of the potentiator effect in relation to specific mutations. On the other hand, we were able to identify at least one investigational potentiator without chronic destabilizing effect for E92K, L1077P and S1235R mutants, with similar potentiation efficacy as acute VX-770. Therefore, we argue that these results warrant the implementation of precision medicine to optimize functional rescue of CFTR2 gating defects for individual mutants.
As shown for one patient with CFTR F508del/P67L genotype, it is feasible to isolate primary HNE cells for assessing the acute and chronic potentiator and corrector effects on CFTR activity in differentiated molayers at ALI. Chronic exposure of heterozygous P67L HNE to VX-770 decreased the CFTR transport function by 34%, similar to that (32%) in CFBE overexpressing P67L as compared with acute VX-770 application, supporting the authenticity of the CFBE model. Upon the clinical availability of additional potentiator drugs, we propose to test their chronic effect on each gating mutant to identify potentiators which augment CFTR function without compromising biochemical and functional stability in conditionally reprogrammed primary HNE. Such an approach could improve clinical outcome by identifying those patients who are responsive to a given treatment and by finding the best available drug combination in a mutant-specific manner.
Materials and Methods
Cell lines
CFBE cells expressing WT-and DF508-CFTR have been described before (22) . Most CFTR2 (RefSeq NM_000492.3) mutants (except S341P-CFTR) were engineered using by subcloning the mutations from pBI plasmids, kindly provided by P. Thomas into pNUT or pLVX-Tight-Puro expression plasmids, containing CFTR with a 3HA-tag in the fourth extracellular loop as described (21, 37) . Stably expressing BHK-21 cell lines were generated as before (21) . Stable epithelial cell lines were produced by lentiviral transduction of CF bronchial epithelial cells (CFBE41o-, designated as CFBE) (35) with inducible CFTR mutants as described (36) . To avoid clonal bias, pools of >50-100 clones were selected and expanded for subsequent biochemical and functional studies.
Primary nasal epithelium collection, conditional reprogramming and differentiation
The isolation of human nasal epithelia (HNE) from healthy and CF human subjects under the protocol and consent form approved by the McGill MUHC Research Ethics Board (14-234-BMB) was performed as described (30) . Following outgrowth of the explants, HNE cells were conditionally reprogrammed according to the protocol developed by Liu and coworkers (27) . Following amplification, the cells were differentiated on Snapwell filter supports as previously described (50) . HBE cells were isolated from bronchi obtained following lung transplantation for dis- 
Biochemical and functional assays
CFTR short-circuit current (I sc ) (36, 51) , PM density measurements (52), immunofluorescence (36) and quantitative RT-qPCR (36) were performed as described previously. Additional details on these methods are provided in the online data supplement.
Statistical analysis
Results are presented as mean 6 SEM for the indicated number of experiments. Unless otherwise specified, statistical analysis was performed by two-tailed Student's t-test with the means of at least three independent experiments and the 95% confidence level was considered significant. Dose-response plots were fitted with a Hill function and EC 50 was calculated using the GraphPad Prism 6 software (GraphPad Software Inc., La Jolla, California, USA).
Supplementary Material
Supplementary Material is available at HMG online.
